To date, none of the available antipsychotic drugs are curative, all have significant side-effect potential, and a receptor-binding profile predictive of superior therapeutic ability has not been determined. It has become increasingly clear that schizophrenia does not result from the dysfunction of a single neurotransmitter system, but rather from an imbalance between several interacting systems. Targeting neuropeptide neuromodulator systems that concertedly regulate all affected neurotransmitter systems could be a promising novel therapeutic approach for schizophrenia. A considerable database is concordant with the hypothesis that antipsychotic drugs act, at least in part, by increasing the synthesis and release of the neuropeptide neurotensin (NT). In this report, we demonstrate that NT neurotransmission is critically involved in the behavioral effects of antipsychotic drugs in two models of antipsychotic drug activity: disrupted prepulse inhibition of the acoustic startle response (PPI) and the latent inhibition (LI) paradigm. Blockade of NT neurotransmission using the NT receptor antagonist 2- [[5-(2,6-
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Schizophrenia is a devastating psychiatric disease with a worldwide prevalence of ϳ1%. Antipsychotic drugs have been shown repeatedly to be effective in reducing some of the cardinal symptoms of schizophrenia, and yet none of the available antipsychotic drugs are curative, all have significant side-effect potential, and the underlying neurochemical actions responsible for their clinical efficacy remain poorly understood. It has become increasingly clear, however, that schizophrenia does not result from the dysfunction of a single neurotransmitter system, but rather from an imbalance between several interacting systems (Weinberger and Lipska, 1995; Bachus and Kleinman, 1996) . Targeting of neuropeptide neuromodulator systems capable of concomitantly regulating all affected transmitter systems may therefore be a promising approach for the development of increasingly effective and side-effect-free antipsychotic drugs.
Neurotensin (NT) is a neuropeptide modulator implicated in the pathophysiology of schizophrenia that specifically modulates neurotransmitter systems hypothesized to be dysregulated in this disorder (O'Connor et al., 1992; Tanganelli et al., 1994; Fuxe et al., 1995; Jolas and Aghajanian, 1997) . The behavioral and biochemical effects of centrally administered NT remarkably resemble those of systemically administered antipsychotic drugs, and antipsychotic drugs increase NT neurotransmission (for review, see Kinkead et al., 1999) , leading to the hypothesis that NT functions as an endogenous antipsychotic (Nemeroff, 1980) . Determination of whether increased NT neurotransmission mediates the clinically relevant behavioral effects of antipsychotic drugs requires the use of animal models relevant to the clinical efficacy of antipsychotic drugs. There is increasing evidence that deficits in sensorimotor gating are part of the diverse symptomatology of schizophrenia, and that these deficits are restored by effective antipsychotic drug treatment (McGhie and Chapman, 1961; Venables, 1966; Baruch et al., 1988; Freedman et al., 1991; Lubow and Gewirtz, 1995; Kumari et al., 1999) . Sensorimotor gating can be assessed in humans and laboratory animals by measuring similar parameters: acquisition of latent inhibition (LI) and the prepulse inhibition of the acoustic startle reflex (PPI) (Geyer and Braff, 1987; Hemsley, 1993) . Both have been shown to be disrupted in acutely ill schizophrenic patients and may be restored by clinically effective antipsychotic drug treatment (Lubow et al., 1987; Baruch et al., 1988; Grillon et al., 1990; Gray et al., 1995; Braff et al., 1999; Kumari et al., 1999; Perry et al., 1999) .
Both antipsychotic drug-induced enhancement of LI and disrupted PPI have been shown to have predictive validity for antipsychotic drug activity (Weiner and Feldon, 1997; Swerdlow and Geyer, 1998) . Using these two paradigms, we examined the effects of blocking N T neurotransmission using the on the LI-enhancing effects of antipsychotic drugs and on the antipsychotic drug-induced restoration of isolation rearing-induced deficits in PPI. To determine whether disrupted PPI in isolation-reared rats and the restoration of PPI by antipsychotic drugs is associated with deficits in the N T system, we examined the N T system in these two rearing groups at baseline and in response to antipsychotic drug administration.
MATERIALS AND METHODS
Drugs. The N T receptor antagonist SR 142948A was a generous gift of Sanofi Recherche (Toulouse, France). SR 142948A was suspended in several drops of T ween 20 and brought to volume with 0.9% NaC l. Haloperidol (Sigma, St. L ouis, MO) and quetiapine (Z eneca Pharmaceutical, Wilmington, DE) were dissolved in 0.3% tartaric acid (drug vehicle). All drugs were administered in a fixed volume of 1.0 ml / kg body weight.
Latent inhibition. N N IH (an outbred strain of animals developed at the National Institute of Health) animals were obtained from the local breeding facility and used between the ages of 60 and 80 d (150 -180 gm) . N N IH rats were used for this experiment because of the superior response of this strain to antipsychotic drug-induced enhancement of LI. Same-sex animals were housed three per cage on a reversed 12 hr light /dark cycle (lights on at 10:00 P.M. and off at 10:00 A.M.) in an environmentally controlled animal facility with access to food ad libitum. All components of the LI paradigm were performed in the dark phase between 12:00 P.M. and 5:00 P.M. The Emory Institutional Animal C are and Use Committee approved all animal protocols.
The LI procedure used house light as the pre-exposed and conditioned stimulus (C S), footshock as the unconditioned stimulus (UC S), water spout licking as the quantitated behavior, and conditioned response suppression as the behavioral baseline and index of LI (Fig. 1 ). Animals were water-restricted during all stages of the experiment, receiving 30 min of access to water ad libitum per 24 hr. Before being subjected to the LI paradigm, animals commenced 4 consecutive days of daily training and acclimation to the lick task in a nonilluminated behavioral box (M ED Associates, Georgia, V T) with a task criterion of 400 photobeam interruptions of the lick circuit. For stimulus pre-exposure, animals were placed in behavioral test boxes and received either 10 or 25 exposures to the light (pre-exposed group) or were placed in the unlit test cage for the same amount of time (non-pre-exposed group). Conditioning was initiated 5 min after the stimulus pre-exposure component. All animals were presented with the house light followed immediately by a 1 sec, 1.0 mA scrambled footshock. Three additional light-shock pairings occurred at 5 min intervals. LI testing was performed 24 hr later with animals returned to the unlit test cage with the water bottle present. (Stimulus preexposure and conditioning were performed in the absence of the water bottles.) After the 90th lick, the house light (C S) was presented and extinguished only after the completion of 10 more licks.
The pre-C S interval from licks 80 to 90 (time A) and the post-C S interval between licks 91 and 100 (time B) were recorded to 0.01 sec. The LI effect, measured as the conditioned suppression of licking, is expressed as a suppression ratio [time A /(time A ϩ time B)]. A suppression ratio approaching 0.0 is indicative of negligible LI, and a ratio of Ͼ0.5 is indicative of maximal LI.
Isolation rearing. Time-pregnant L ong-Evans rats (Charles River Laboratories, Raleigh, NC) were housed individually on a reversed 12 hr light /dark cycle (lights on at 10:00 P.M. and off at 10:00 A.M.) in an environmentally controlled animal facility with access to food ad libitum. Three days after birth, male pups were removed, and the female pups were randomized to 10 per litter and allowed to mature with normal institutional care until weaning. At weaning (postnatal day 23), rats were randomly divided into two groups and housed either singly (isolationreared animals) or in groups of three per cage (socially reared animals). To f urther enhance the difference in PPI between isolation-reared and socially reared animals, isolation-reared rats were allowed limited access to water (15 min twice each day) on days 2-4 after weaning, with water access returned on the afternoon of day 5. This stressor consistently enhances isolation rearing-induced PPI deficits in our laboratory (our unpublished observation). Animals weighed between 150 and 200 gm during PPI testing.
Prepulse inhibition of the acoustic startle refle x . PPI testing was completed in the dark phase between 11:00 A.M. and 5:00 P.M. PPI testing was performed in a San Diego Instruments (San Diego, CA) startle chamber. Startle amplitude was measured by converting the vibrations of a Plexiglas cylinder (resting on a platform) caused by whole-body response into analog signals using a piezoelectric unit attached to the platform. These signals were then digitized and stored in a personal computer. The testing session started with a 5 min acclimatization to the startle chamber in the presence of 65 dB background white noise. Testing consisted of nine 120 dB pulses alone and 18 pulses preceded (100 msec) by a prepulse of 4, 8, or 12 dB above background. Pulses were presented in a pseudorandom order with an average of 15 sec between pulses. Percent PPI for each rat at each prepulse intensity was calculated using the following formula: %PPI ϭ 100 Ϫ (startle amplitude with prepulse ϫ 100/startle amplitude with pulse alone).
NT radioimmunoassay. Rat brains were dissected based on the method of Glowinski and Iversen (1966) . The brain regions dissected included the nucleus accumbens, the caudate -putamen, and the prefrontal cortex. N T tissue concentrations were measured as described previously (Bissette et al., 1984) .
NT receptor autoradiography. Animals were deeply anesthetized with Euthanasia 5 solution (Schein, Port Washington, N Y) and decapitated; brains were removed immediately, frozen on dry ice, stored at Ϫ70°C until they were sectioned in a cryostat at 20 m thickness, mounted on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA), and again stored at Ϫ70°C. At the time of assay, slides were gradually brought to room temperature and desiccated. Sections were fixed for 2 min in 0.1% paraformaldehyde at 4°C and then preincubated for 15 min at room temperature in incubation buffer (50 mM Tris base, 10 mM MgC l 2 , 2 mM EGTA, 0.1% BSA, and 142 mg / l bacitracin, pH 7.4). Incubation with the radioligand (0.2 nM [
125 I]N T; DuPont N EN, Wilmington, DE) was performed in incubation buffer for 60 min at room temperature. Nonspecific binding was determined in the presence of 1.0 M unlabeled N T (Bachem, Torrance, CA). The sections were washed at 4°C two times for 5 min in 50 mM Tris containing 0.1% BSA, rinsed twice in ice-cold H 2 O, and rapidly dried under a constant stream of cool air. Dried sections were then exposed to Kodak Biomax MR film (Eastman Kodak, Rochester, N Y) for 3 d. Quantitative receptor autoradiography was performed by computerized densitometry (AIS Software; Imaging Research Inc., St. C atharines, Ontario, C anada). Optical density was calibrated with coexposed standards, revealing brain substance-like quench coefficients for NT mR NA in situ hybridization. Animals used for in situ hybridization analysis of N T mRNA expression were anesthetized using Euthanasia 5 solution (Schein) and transcardially perf used via the ascending aorta with ice-cold 0.9% saline (200 ml) followed by ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (250 ml), pH 7.6. Brains were then removed and post-fixed in 4% paraformaldehyde for 24 hr at 4°C, followed by 20% sucrose for 48 hr at 4°C. After post-fixing, brains were rinsed in double-distilled H 2 O, dried, and stored at Ϫ70°C until use. Thirty-micrometer-thick sections were cut on a sliding microtome and collected in 24 well series. The level of the appearance of the anterior commisure was marked for f uture reference. Tissue sections were then stored in cryoprotectant solution (30% ethylene glycol and 20% glycerol in 25 mM phosphate buffer, pH 7.4) at Ϫ20°C. Before assaying, the tissue sections were rinsed in 50 mM phosphate buffer, pH 7.6, slide mounted, and stored at Ϫ20°C.
Template plasmid consisting of a 336 bp EcoRV-BglII fragment (nucleotides 626 -961) of the rat N T/ N gene in a BamHI-SmaI-digested pGEM4 (Promega, Madison, W I) was generously provided by P. Dobner (University of Massachusetts Medical C enter, Worcester, M A).
35 Slabeled antisense riboprobes were generated using EcoRV-linearized plasmid, nucleotides, 35 S-uridine triphosphate, and T7 RNA polymerase (protocol adapted from the T7/ T3 M AX Iscript kit; Ambion, Austin, TX). Unincorporated nucleotides were removed from the reactions using Quick Spin Columns (Boehringer Mannheim, Indianapolis, I N). The 35 S-labeled riboprobes were then diluted to 1 ϫ 10 5 cpm /l in hybridization buffer (62.5% formamide, 12.5% dextran sulfate, 0.375 M NaC l, 2.5% Denhardt's solution, 12.5 mM Tris, pH 8.0, and 1.25 mM EDTA, pH 8.0) and stored at Ϫ20°C until use. The protocol for in situ hybridization was adapted from the methods of Simmons et al. (1989) . Briefly, the slide-mounted tissue underwent a proteinase K digestion followed by acetylation in acetic anhydride. The slides were then rinsed in 2ϫ SSC buffer (NaC l -Na citrate) and quickly dehydrated in ascending concentrations of fresh ethanol. After drying at room temperature, 100 l (1 ϫ 10 6 cpm) of riboprobe mixture (riboprobe in hybridization solution with tRNA and DTT) was added to each slide. The slides were then covered with Parafilm and stored overnight at 60°C in covered trays. Tissues soaked with 50% formamide were placed in the bottom of the trays to prevent evaporation of the probe mixture. The next day, the slides were rinsed in 4ϫ SSC before ribonuclease (RNase) digestion (1:500 dilution of 10.0 mg /ml RNase A) to remove nonspecifically bound riboprobe. The slides were then rinsed, gradually desalted, and incubated for 30 min at 60°C to decrease background signal. Slides were then quickly dehydrated in ethanol (containing salt and DTT) and exposed to Kodak Biomax MR film. Film autoradiographs were digitized and quantified using AIS Software (Imaging Research Inc.) . A 14 C standard curve (Amersham Pharmacia Biotech) was included in each film cassette for use in standardizing quantification between films.
Statistical anal yses. Data from the LI experiments were analyzed by two-way ANOVA (treatment ϫ pre-exposure level) followed by a Student-Newman -Keuls multiple comparisons test. Data from verification of deficits in PPI in isolation-reared compared with socially reared animals were analyzed by two-way ANOVA (rearing ϫ prepulse intensity) followed by Student-Newman-Keuls multiple comparisons test. Data from experiments examining the effects of antipsychotic drugs and the NT receptor antagonist SR 142948A on PPI in isolation-reared and socially reared rats were analyzed by three-way ANOVA (rearing ϫ treatment ϫ prepulse intensity). Because of the lack of interaction between treatment ϫ prepulse intensity, rearing ϫ prepulse intensity, or rearing ϫ treatment ϫ prepulse intensity, data were then collapsed across prepulse intensities and further analyzed by two-way ANOVA (rearing ϫ treatment) followed by Student-Newman-Keuls multiple comparisons test. Baseline rearing differences in NT peptide concentrations, NT mRNA expression, and NT receptor binding were analyzed separately within each brain region by t test. The effects of quetiapine on NT mRNA expression were analyzed separately within each brain region by two-way ANOVA (rearing ϫ treatment) followed by Student-Newman-Keuls multiple comparisons test.
RESULTS

Effects of the NT receptor antagonist on acquisition of latent inhibition
We first established a dose-response curve for the effects of the NT receptor antagonist SR 142948A on the acquisition of LI after a sufficient number of pre-exposures to the conditioned stimulus (25 pre-exposures). Pre-exposed and non-pre-exposed animals received 0, 0.1, 1.0, 10.0, or 100.0 g/kg SR 142948A 1 hr before the pre-exposure and conditioning session. Two-way ANOVA (stimulus pre-exposure level ϫ treatment) of suppression ratios revealed a significant pre-exposure effect (F (1,55) ϭ 9; p Ͻ 0.005), treatment effect (F (3,55) ϭ 3; p Ͻ 0.05), and no interaction between the two factors (F Ͻ 1). Post hoc analyses revealed that 25 pre-exposures to the conditioned stimulus induced LI in vehicle-treated animals (Fig. 2a) . The LI effect of 25 pre-exposures was blocked by 0.1, 1.0, and 10.0 g/kg SR 142948A but not by 100.0 g/kg SR 142948A.
The effects of the NT receptor antagonist SR 142948A on the LI-enhancing effect of haloperidol were then examined. Adult rats were injected subchronically with haloperidol (0.3 mg/kg, i.p.) or vehicle for 7 consecutive days, beginning 6 d before stimulus pre-exposure-conditioning day. On stimulus pre-exposure-conditioning day, animals received a single injection of SR 142948A (30 g/kg, i.p.) or vehicle 1 hr before the last haloperidol or vehicle injection. Haloperidol or vehicle was administered 45 min before stimulus pre-exposure. Two-way ANOVA (stimulus pre-exposure level ϫ treatment) of suppression ratios revealed a significant pre-exposure effect (F (1,51) ϭ 13; p Ͻ 0.001), treatment effect (F (3,51) ϭ 4; p Ͻ 0.05), and interaction between the two factors (F (3,51) ϭ 3; p Ͻ 0.05). Haloperidol significantly enhanced the subthreshold LI effect of 10 stimulus pre-exposures (Fig. 2b) . Pretreatment with SR 142948A (30 g/kg), which had Figure 2 . Effect of the NT receptor antagonist SR 142948A on the acquisition of LI. Data are expressed as suppression ratio (mean Ϯ SEM). a, Dose-response curve for the effects SR 142948A on the acquisition of LI after 25 pre-exposures to the conditioned stimulus. *p Ͻ 0.05 compared with the 25 pre-exposure control group. ϩp Ͻ 0.05 compared with the 0 pre-exposure group at the same dose of NT receptor antagonist (n ϭ 5 or 6). b, Effect of the NT receptor antagonist SR 142948A on haloperidol-induced enhancement of latent inhibition in pre-exposed (10 preexposures) rats. *p Ͻ 0.05 compared with all other treatment groups (n ϭ 5 or 6 mixed male and female). no significant effect on LI by itself, significantly decreased the effect of haloperidol in this paradigm.
Effects of the NT receptor antagonist SR 142948A in the PPI paradigm
In each of the experiments using isolation rearing, the presence of PPI deficits in isolation-reared animals was confirmed 3 weeks after weaning. In all cases, there was a significant rearing effect ( p Ͻ 0.001) and prepulse intensity effect ( p Ͻ 0.001) but no interaction between the two factors. Figure 3 represents a typical set of data obtained from initial PPI testing.
We first established a dose-response curve for the effects of quetiapine on PPI. One week after the establishment of the desired phenotype, isolation-reared and socially reared animals received either a single injection of quetiapine (0.5, 2.0, 4.0, or 5.0 mg/kg) or vehicle 30 min before PPI testing. There was a significant rearing effect (F (1,1131) ϭ 10; p Ͻ 0.001), dose effect (F (4,1131) ϭ 21; p Ͻ 0.001), and interaction between the two factors (F (4,1131) ϭ 3; p Ͻ 0.05). Quetiapine (2.0, 4.0, and 5.0 mg/kg, but not 0.5 mg/kg) restored PPI deficits in isolation-reared animals compared with socially reared animals (Fig. 4) . In addition, quetiapine (4.0 and 5.0 mg/kg) significantly enhanced PPI in socially reared animals.
Three separate but similar experiments were then conducted to investigate the effects of coadministration of the NT receptor antagonist (100.0 g/kg) with haloperidol (0.1 mg/kg) or quetiapine (2.0 or 5.0 mg/kg) in this paradigm. One hour before PPI testing, animals received a single intraperitoneal injection of the NT receptor antagonist (100.0 g/kg) or vehicle. Thirty minutes before PPI testing, animals received a single injection of the antipsychotic drug (haloperidol intraperitoneally or quetiapine subcutaneously) or vehicle. Raw startle amplitudes from all PPI studies are presented in Table 1 .
The effects of the NT receptor antagonist (100.0 g/kg) on haloperidol (0.1 mg/kg)-induced restoration of PPI in isolationreared animals were first examined (Fig. 5a ). There was a significant rearing effect (F (1,1460) ϭ 41; p Ͻ 0.001), treatment effect (F (3,1460) ϭ 5; p Ͻ 0.001), and interaction between the two factors (F (3,1460) ϭ 7; p Ͻ 0.001). Although none of the treatments had any effect on PPI in socially reared animals, haloperidol significantly enhanced PPI in isolation-reared animals, restoring it to levels equivalent to socially reared animals. The NT receptor antagonist alone had no effect on PPI but blocked haloperidol restoration of PPI in isolation-reared animals.
Similar to haloperidol, quetiapine (2.0 mg/kg) significantly enhanced PPI in isolation-reared animals, restoring it to levels equivalent to socially reared animals, although not effecting PPI in socially reared animals (Fig. 5b) . The NT receptor antagonist (100.0 g/kg) alone had no significant effect on PPI in isolationreared or socially reared animals but blocked the quetiapine (2.0 mg/kg)-induced restoration of PPI in isolation-reared animals. Overall there was a significant rearing effect (F (1,1073) ϭ 26; p Ͻ 0.001), treatment effect (F (3,1073) ϭ 7; p Ͻ 0.001), and interaction between the two factors (F (3,1073) ϭ 9; p Ͻ 0.001).
In contrast to 2.0 mg/kg quetiapine, 5.0 mg/kg quetiapine significantly enhanced PPI in socially reared animals, and the NT receptor antagonist did not block this effect (Fig. 5c) . In isolationreared animals, 5.0 mg/kg quetiapine enhanced PPI to levels significantly higher than PPI levels in socially reared control animals. The NT receptor antagonist partially blocked this effect. Two-way ANOVA revealed a significant rearing effect (F (1,1026) ϭ 8; p Ͻ 0.005), treatment effect (F (3,1026) ϭ 16; p Ͻ 0.001), and interaction between the two factors (F (3,1026) ϭ 3; p Ͻ 0.05).
In contrast to the LI paradigm, blockade of NT neurotransmission after systemic administration of SR 142948A had no effect on the basal expression of PPI. (A total of 0.01-1000 g/kg administered between 30 min and 12 hr before PPI testing had no effect; data not shown.) 
Differences in the NT system in isolation-reared versus socially reared animals
To assess basal differences in the NT system, we quantified NT peptide tissue concentrations by radioimmunoassay, NT receptor binding by 125 I-NT autoradiography, and NT mRNA expression by in situ hybridization. At baseline, NT peptide concentrations did not significantly differ between the rearing groups in any brain region examined (data not shown). NT mRNA expression and NT receptor binding were quantified in the nucleus accumbens (shell and core) and the caudate-putamen. NT receptor binding was significantly higher (21%) in the nucleus accumbens shell of isolation-reared animals compared with socially reared animals but did not differ in the core of the nucleus accumbens or the caudate-putamen ( Fig. 6a ; data for caudate-putamen not shown). In addition, NT mRNA expression in the shell of the nucleus accumbens was significantly lower (45%) in isolation- shown are percent PPI (data from three prepulse intensity levels combined) expressed as mean Ϯ SEM. *p Ͻ 0.05 compared with socially reared animals within a treatment group. **p Ͻ 0.05 compared with control, NT receptor antagonist, and NT receptor antagonist plus haloperidol isolation-reared animals. ϩp Ͻ 0.05 compared with socially reared control animals. a, Effect of SR 142948A (0.1 mg/kg) on haloperidol (0.1 mg/kg)-induced restoration of PPI in isolation-reared rats (n ϭ 10 or 11 females). b, Effect of SR 142948A on quetiapine (2.0 mg/kg)-induced restoration of PPI in isolation-reared animals (n ϭ 8 or 9 females). c, Effect of SR 142948A on quetiapine (5.0 mg/kg)-induced restoration of PPI in isolation-reared animals (n ϭ 7 or 8 females).
reared than in socially reared animals (Fig. 6a,b) . NT mRNA expression in the nucleus accumbens core was not significantly different between the rearing groups. We subsequently examined NT mRNA expression in isolationreared and socially reared animals 4 hr after a single injection of vehicle or quetiapine (2.0 or 5.0 mg/kg). Increasing doses of quetiapine significantly increased NT mRNA expression in the shell subdivision of the nucleus accumbens in isolation-reared animals but had no effect on NT mRNA expression in socially reared animals or in the nucleus accumbens core (Fig. 6c) .
DISCUSSION
In this report, we demonstrate that disruption of NT neurotransmission blocks the behavioral effects of antipsychotic drugs in two distinct tests of sensorimotor gating, PPI and LI. LI is defined as a reduction in associative learning (i.e., the association of the pre-exposed conditioned stimulus with an UCS) because of repeated inconsequential exposure (pre-exposure) to a "to be conditioned stimulus" (Lubow and Moore, 1959) . In laboratory animals, all classes of antipsychotic drugs, but not other clinically used psychoactive drugs, enhance the LI effect of a subthreshold number of pre-exposures (Christison et al., 1988; Dunn et al., 1993; Weiner et al., 1996) . PPI is defined as a decrease in the startle reflex induced by a strong acoustic stimulus when preceded by a weak prepulse (Swerdlow et al., 1994) . Isolation rearing is a nonpharmacological means of disrupting PPI (Geyer et al., 1993) . In contrast, isolation rearing does not disrupt LI (Wilkinson et al., 1994) . Typical and atypical antipsychotic drugs restore isolation rearing-induced deficits in PPI (Geyer et al., 1993; Varty and Higgins, 1995; Bakshi et al., 1998) . Because it is independent of primary pharmacological manipulations, isolation rearinginduced disruption of PPI may therefore represent a superior animal model for investigating the neural circuits involved in antipsychotic activity. To date, all tested antipsychotic drugs have been shown to restore isolation rearing-induced disruptions in PPI . These results are the first demonstration that an NT receptor antagonist blocks potentially clinically relevant behavioral effects of antipsychotic drugs and strongly suggest that intact NT neurotransmission is necessary for the effects of antipsychotic drugs in both of these paradigms.
The NT receptor antagonist blocked the effects of haloperidol, a typical antipsychotic drug, and quetiapine, an atypical antipsychotic drug, suggesting that increased NT neurotransmission may be a common component involved in the behavioral effects of all clinically effective antipsychotic drugs. Haloperidol and quetiapine have very different receptor-binding profiles. Haloperidol has high affinity for the D 2 dopamine (DA) receptor and the receptor and relatively lower affinity for serotonergic receptors. Quetiapine, however, has lower affinity for the DA D 2 receptor than serotonergic or histaminergic receptors (Wirshing, 1998) . A direct interference of SR 142948A with haloperidol or quetiapine at the receptor level can be ruled out, because SR 142948A does not bind to any receptor targeted by haloperidol or quetiapine .
Despite these pharmacological differences, both haloperidol and quetiapine specifically affect the NT system and restore isolation rearing-induced PPI deficits in an NT-dependent man- ner. SR 142948A therefore likely blocks the behavioral effects of antipsychotic drugs by blocking the neurobiological consequences of antipsychotic drug-stimulated NT release. In addition, the NT receptor antagonist alone did not affect PPI, in contrast to other PPI-disrupting compounds such as DA agonists and NMDA receptor antagonists, which may also interfere with the effects of antipsychotic drugs .
The U-shaped dose-response curve for SR 142948A in the LI paradigm is similar to the bimodal dose-response curves previously reported with SR 142948A and seems to characterize responses to NT receptor activation as well as antagonism . The bimodal effects of NT and SR 142948A may stem from the opposing effects of presynaptic versus postsynaptic NT receptors on DA neurotransmission. For example, at low doses, local in vivo application of NT decreases DA release and increases GABA release in a TTX-sensitive manner (O'Connor et al., 1992) . Coadministration of the GABA A antagonist bicuculine prevented an NT-induced decrease in DA release, suggesting that this effect is mediated by NT receptors located on GABAergic neurons. At higher doses, intra-accumbens NT increases DA release in the nucleus accumbens (Chapman et al., 1992; Ferraro et al., 1997) . There is some anatomical evidence for NT receptors located presynaptically on DA terminals, especially in the nucleus accumbens core (Dilts and Kalivas, 1989) , indicating that the increases in DA release could be because of the effects of NT at a presynaptically located NT receptor with a lower affinity for NT than the postsynaptic receptor. There is also pharmacological evidence for distinct presynaptic versus postsynaptic NT receptor subtypes within the striatum with differing affinities for SR 142948A (for review, see Le et al., 1996; Rostène et al., 1997) . In addition, SR 142948A has been shown to bind with equal affinity to both the NT 1 and NT 2 receptors. The LI-antagonizing effect of SR 142948A, however, is most likely mediated by its action at the high-affinity NT 1 NT receptor. Similarly, studies with SR 48692, an NT receptor antagonist with relative selectivity for NT 1 (Gully et al., 1993) , showed a dose-dependent disruption of LI (Lambert et al., 1995) , suggesting that NT 2 activity is less crucial for LI expression. Effects on NT 2 have to be considered, however, because SR 142948A has high affinity for this receptor and NT 2 mRNA is present in non-DAergic cells in the midbrain as well as in accumbal neurons (Walker et al., 1998) .
In humans, explicitly antipsychotic effects are only observed in schizophrenic patients but not in normal controls, suggesting that the neurochemical effects of antipsychotic drugs may be different in disrupted versus intact systems. Isolation-reared animals have been shown to have elevated basal DA levels, decreased serotonin metabolite 5-hydroxyindole-3-acetic acid, and increased release of DA in the nucleus accumbens in response to amphetamine administration compared with socially reared animals (Hall et al., 1998) . The establishment of a dose-response curve for the effects of quetiapine on PPI in both rearing groups showed that, although lower doses (2.0 mg/kg) of quetiapine specifically affected isolation-reared animals, higher doses (4.0 and 5.0 mg/kg) had PPI-enhancing effects in both groups of animals. The NT receptor antagonist partially blocked the effects of quetiapine (5.0 mg/kg) in isolation but not in socially reared animals. NT neurotransmission appears, therefore, to be preferentially involved in antipsychotic drug-induced restoration of deficits in PPI but not in the enhancement of PPI above levels seen in socially reared control animals, and perhaps by extension, the therapeutically relevant effects of antipsychotic drugs in a disrupted system.
The hypothesized deficit in gating or internal screening of sensory input in schizophrenic patients is viewed as leading to an involuntary flooding of unfiltered sensory data, likely contributing to the cognitive fragmentation and thought disorder characteristic of this disease (McGhie and Chapman, 1961; Venables, 1966; Freedman et al., 1991) . Similar to the absence of LI seen in schizophrenic patients, the NT receptor antagonist prevented the normal acquisition of LI, suggesting that intact NT neurotransmission may be necessary for some aspects of normal sensorimotor gating. This is also supported by our findings in isolationreared animals. The environmentally induced deficit in sensorimotor gating in isolation-reared animals was paralleled by an apparent decrease in NT neurotransmission in the nucleus accumbens shell, a brain region thought to be critical for the antipsychotic effects of antipsychotic drugs. Conversely, antipsychotic drugs likely enhance sensorimotor gating by increasing NT neurotransmission. This is supported not only by the fact that antipsychotic drug-induced restoration of PPI and enhancement of LI are prevented by pretreatment with the NT receptor antagonist but also by the fact that the NT system of isolation-reared rats was found to be hyper-responsive to antipsychotic drug administration. It has been demonstrated previously that higher doses of antipsychotic drugs (both typical and atypical) increase NT neurotransmission in the nucleus accumbens shell of socially reared animals (Kinkead and Nemeroff, 1994; Huang and Hanson, 1997; Radke et al., 1998; Kinkead et al., 2000) . It appears therefore, that the dose-response curve for the effects of antipsychotic drugs on NT mRNA expression in isolation-reared animals is shifted to the left. These findings indicating an involvement of NT in sensorimotor gating and in the mechanism of action of antipsychotic drugs are supported by clinical studies. Subgroups of schizophrenic patients have repeatedly been shown to have subnormal NT CSF concentrations that normalize after effective antipsychotic drug treatment (Widerlöv et al., 1982; Lindström et al., 1988; Nemeroff et al., 1989; Garver et al., 1991; Breslin et al., 1994; Sharma et al., 1997) . It is also evident that a subgroup of schizophrenic patients, not yet clearly defined, exhibit deficits in sensorimotor gating as assessed by LI and PPI, and that these deficits are restored by antipsychotic drug treatment (Baruch et al., 1988; Grillon et al., 1992; Lubow and Gewirtz, 1995; Braff et al., 1999; Kumari et al., 1999; Perry et al., 1999) . Our data are consistent with the possibility that deficits in NT neurotransmission may be causally linked to deficits in sensorimotor gating and that normalization of NT neurotransmission after antipsychotic drug treatment may lead to restoration of these deficits. The fact that NT neurotransmission mediates the restoration or enhancement of sensory stimulus filtering by antipsychotic drugs supports the development of NT receptor agonists as a novel class of antipsychotic drugs specifically targeting these deficits.
